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Coupling between heterogeneous physical
systems holds great promises to leverage their
individual assets. For example, low-dissipative
spin ensembles are combined with well-controlled
electric and phononic devices for spintronics [1],
or with optical systems [2, 3] and supercon-
ducting quantum circuits [4] for hybrid quan-
tum technologies. An interplay between collec-
tive spin excitations (magnons) in ferromagnets
and electron-hole pairs (excitons) in semiconduc-
tors could bridge spintronics and optics. This
ambition has motivated the investigation of bulk
dilute ferromagnetic semiconductors, but faces
a trade-off between their magnetic and optical
properties [5, 6]. Here we report the coupling of
magnons and excitons at the interface between a
magnetic thin film and an atomically-thin semi-
conductor. This approach allies the exceptionally
long-lived magnons hosted in a film of yttrium
iron garnet (YIG) [7] to strongly-bound excitons
in a flake of a transition metal dichalcogenide,
MoSe2 [8–11]. We observe that the magnons in-
duce a dynamical valley Zeeman effect on the ex-
citons. The measured magnon–exciton coupling
strength and the thickness dependence of the ef-
fect both suggest that an interfacial exchange in-
teraction is at play [12–15]. Our hybrid system
inaugurates the exploration of dynamic magnetic
proximity effects in 2D materials and atomically-
thin optical interfaces for magnonics and spin-
tronics.
The emergence of 2D materials, such as graphene,
shines a new light on condensed-matter physics, for
these materials can be artificially stacked to combine,
protect or enhance individual pristine physical prop-
erties [16]. Atomically-thin semiconducting transition
metal dichalcogenides (TMDs), exhibiting a number of
unique optical features such as large excitonic binding en-
ergies and valley-contrasting exciton selection rules [11,
17], attract a lot of attention as a new platform for quan-
tum optics and nanophotonics [10, 18–20]. By a static
valley Zeeman effect, their exciton resonances are shifted
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FIG. 1. Optically-addressed TMD flake on a magnetic
substrate supporting magnon modes. Atomically-thin
flakes of MoSe2 are stacked on a magnetic YIG film grown
on gadolinium gallium garnet (GGG, see Methods). The
magnetization of the film is saturated by a static magnetic
field HDC directed within its plane. A microwave antenna
excites magnons of the fundamental magnetostatic mode of
frequency ωm/2pi ∼ 5 GHz through the alternating magnetic
field HAC. The flakes are addressed normally with a focused
laser beam at λL = 785 nm with a left- or right-handed circu-
lar polarization. A high-speed photodetector detects the op-
tical signal reflected off the sample with the same polarization
as input (EM: electromagnet, PBS: polarizing beamsplitter,
λ/4: quarter-wave plate, see Methods).
by external magnetic fields [21–23] or by the interfa-
cial exchange fields with a magnetic substrate [12–15].
In this work, we study a heterostructure consisting of
MoSe2 flakes transferred on a magnetic film made of yt-
trium iron garnet (Fig. 1a). The film supports long-lived
magnons, or magnetization oscillations [24], that can be
coherently driven by microwaves. Magnons play a ma-
jor role in spintronics circuits [25, 26] and in quantum
hybrid systems [4, 7, 27]. Realizing a coupling between
magnons and excitons offers a promising way forward to
connect these technologies to optics.
Figure 1b depicts schematically our experimen-
tal setup at room temperature. The heterostructure
MoSe2/YIG is placed in the gap of an electromagnet to
saturate the YIG magnetization within the film plane
(HDC ∼ 0.1 T/µ0). Magnons in the uniform magneto-
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2static mode of the film are excited with a microwave loop-
antenna connected to a network analyzer. A typical spec-
trum of the microwave power reflected off the antenna re-
veals the ferromagnetic resonance (FMR) in Fig. 2b, cen-
tered at ωm/2pi = 5.64 GHz with a linewidth γm/2pi =
1.75 MHz. With a continuous-wave laser (λL = 785 nm)
we examine the light reflected from the heterostructure
on a high-speed photodiode.
By analogy to valley Zeeman effects observed in TMDs
with a static magnetic field [14, 15, 21–23], we expect
the out-of-plane magnetization oscillations due to driven
magnons to shift dynamically the excitonic resonance.
The relevant interaction Hamiltonian can be written as
H = τ h¯g
(
aˆ+ aˆ†
2
)
xˆ†xˆ (1)
where τ = ±1 is the index for K and K′ valleys, aˆ (aˆ†)
and xˆ (xˆ†) are the annihilation (creation) operators for
magnon and exciton, respectively (see SI). The magnon–
exciton coupling rate g corresponds to the excitonic res-
onance shift induced by a single magnon.
The choice of MoSe2 is motivated by its bright ex-
citons, with a high emission yield and a fundamental
resonance around 800 nm [28] corresponding to a low-
absorption window for YIG [29]. In the absence of ex-
ternal magnetic field, photoluminescence measurements
(see SI) show that the excitonic resonances of the MoSe2
flakes are not significantly affected by their stacking
on the YIG and match the typical values obtained on
Si/SiO2 substrates [28]. The optical reflectivity of the
flake at a fixed wavelength, situated on the edge of the ex-
citonic resonance, should be subsequently modulated at
the frequency of the magnetization oscillations (Fig. 2a),
constituting a signature of the dynamical valley Zeeman
effect.
Through the dynamical valley Zeeman effect, the
FMR can be optically probed by the focused laser beam
illuminating the heterostructure at normal incidence.
The left-handed (σ+) and right-handed (σ−) circularly
polarized light mainly address the excitons in K and
K′ valleys, respectively. The reflected photons with the
same helicity are detected on the high-speed photodiode.
Figure 2c presents the optically-detected FMR spectra
of a multilayer MoSe2 flake (for a trilayer response, see
SI), where the complex-valued modulation signals R+[ω]
and R−[ω] are acquired with σ+ and σ− optical polar-
izations, respectively. The amplitudes |R±[ωm]| for both
optical polarization, addressing K and K′ valleys, are the
same. Nevertheless, the two signals are phase-shifted by
pi (R+ = −R−) [30]. In TMD monolayers, the exci-
tonic resonance shifts due to an out-of-plane magnetiza-
tion are opposite for the two valleys K and K′ [13, 31].
Our results suggest that, even for a multilayer flake, these
valley-contrasting features are preserved through the dy-
namical Zeeman effect.
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FIG. 2. Dynamical valley Zeeman effect. a, The
magnons support a coherent oscillation of the magnetization
vector M(t), responsible for an effective magnetic field mod-
ulating the excitonic resonances of the TMD flake through
a dynamical valley Zeeman effect. Carrying opposite mag-
netic moments, the two valleys K and K′ have their excitonic
resonance shifting opposite ways when experiencing an out-
of-plane magnetic field (E: energy, k: electron momentum).
The reflectivity of the flake at a fixed laser wavelength λL,
on the edge of the excitonic resonance, is subsequently mod-
ulated at the magnon frequency. The phase of the reflected
signal depends on the valley index, selectively addressed with
left-handed σ+ and right-handed σ− circularly polarized light
for K and K′ valleys, respectively. b, Microwave absorp-
tion signal revealing the ferromagnetic resonance (FMR) at
ωm/2pi = 5.64 GHz. c, Magnitude and relative phase of
the optically-probed FMR spectra R±[ω] on a MoSe2 flake.
The spectrum with the left(right)-handed circularly polarized
light is plotted as a solid red (blue) line, superimposed on a
red (blue) translucent Lorentzian fit (flake thickness: 20 nm,
nmagnon = 10
14, detection bandwidth: 5 Hz).
We perform spatially-resolved measurements over
different flakes to study the dependence of the effect on
the number of layers. The laser spot position on the
heterostructure is controlled by a three-axis stage sup-
porting the optical microscope. An optical micrograph
of the flakes under scrutiny is presented in Fig. 3a(i), ac-
3companied by a topography measurement realized with
an atomic force microscope shown in Fig. 3a(ii). We de-
fine the differential optical reflectivity ∆R[ω] = |R+ −
R−|, with R± the complex-valued modulation signals of
the reflection originating from σ± optical polarizations,
such that their pi-phase difference is highlighted. Fig-
ure 3b presents ∆R[ω] along the vertical section shown
in Fig. 3a. This measurement shows a strong modulation
of the reflected light when the laser illuminates ultra-thin
MoSe2 flakes.
Dynamic effects on thinner flakes are actually belit-
tled as the measured signal is proportional to the static
optical reflection coefficient r(NL), with NL the num-
ber of MoSe2 layers (see SI). To underline the dynamic
response, we model the local reflectivity and examine
∆R[ωm]/r(NL) (Fig. 3d). The observed dynamic effects
decay with the number of layers, in a fashion similar to
the fraction of light coming from the very bottom layer
(see SI). This qualitatively indicates that the magnon–
exciton coupling originates mainly from interfacial ex-
change interactions [31]. The tail at large NL is at-
tributed to the long-range effect of the tenuous dipolar
field created by the magnons, expected to evolve on a
characteristic length of the order of the magnetic film
thickness [32].
Finally, in order to get other insights into the mi-
croscopic origin of the interaction, we quantitatively de-
termine the magnon–exciton coupling rate g. We per-
form calibrated measurements of the magnon-induced
excitonic resonance shifts. The calibration procedure
consists in comparing the optical reflection modulations
induced by a known number of magnons nmagnon and
those induced by a modulation of the laser frequency it-
self with a known modulation depth, without driving any
magnons (see SI). The number of magnons nmagnon in the
concerned magnetostatic mode is determined through
the analysis of the FMR absorption spectra (see SI).
The dynamical valley Zeeman shift induced by nmagnon
magnons is written ∆Ωs = g
√
nmagnon. We measure cal-
ibrated exciton resonance shifts while ramping the mi-
crowave excitation power pumping the magnons. The
coupling rate g is obtained by extrapolating the excitonic
resonance shifts induced by a single magnon. The mea-
surement presented in Fig. 4 is realized on a 19-layer flake
to ensure a sufficient signal-to-noise ratio at low magnon
numbers and avoid possible pollution from the direct op-
tomagnonic interaction with the magnetic film. The cal-
ibrated magnon–exciton coupling strengths are h¯g+ =
(4.7± 0.5)× 10−17 eV and h¯g− = (4.1± 0.5)× 10−17 eV
per magnon for left- and right-handed circular polariza-
tions. These similar g values reflect that the excitons in
the valleys K and K′ have the same sensitivity to the
dynamic magnetic field, as expected for a static magne-
tization in the plane of the film [13].
The Zeeman shift induced by B1m the effective mag-
netic field generated by a single magnon can be writ-
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FIG. 3. Thickness dependence of the magneto-optical
response. a, Optical micrograph of the heterostructure un-
der white light illumination (i) abutting a topography mea-
surement along the dark orange line realized with an atomic
force microscope (ii), where t is the calibrated thickness and
NL is the deduced number of MoSe2 layers (see Methods).
Black contours highlight change in optical contrast. The
green circle corresponds to the position of the calibrated mea-
surements in Fig. 4. The horizontal dashed lines along the
y-axis mark the successive positions of the laser spot cen-
ter (waist radius: 2µm). b, Differential optical reflectivity
∆R[ω] = |R+−R−| around the magnon frequency as a func-
tion of the laser position on the sample. The spectra at po-
sitions y = 80µm (black), y = 20µm (blue) and y = 110µm
(purple) are shown in c, corresponding respectively to bare
YIG, a thick MoSe2 flake (NL ∼ 46) and a few-layer MoSe2
flake (NL ∼ 8). The purple translucent line is a Lorentzian fit
(ωm/2pi = 5.58 GHz). d, Decay of the normalized differential
optical reflectivity at the magnon frequency with the MoSe2
number of layers. The solid thick line is a model following
the fraction of light coming back from the very bottom layer
and a plateau (see SI). Data with large error bars, in brown,
are translucent (see Methods).
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FIG. 4. Magnon–exciton coupling strength. Evolution
of the magnon-induced valley Zeeman shift h¯∆Ωs with the
number of magnons nmagnon for a multilayer flake (NL ∼ 19,
marked by a circle on Fig. 3a) for right- and left-handed cir-
cular optical polarization on the upper and lower panels, re-
spectively (resolution bandwidth: 10 Hz). The thick solid
lines correspond to linear fits, leading to magnon–exciton
coupling strengths of h¯g− = (4.1 ± 0.5) × 10−17 eV and
h¯g+ = (4.7 ± 0.5) × 10−17 eV per magnon for the K′ and K
valleys, respectively. The grey region marks the upper limit
above which the magnon–exciton coupling strength exceeds
h¯gD = 1.2 × 10−17 eV, the estimated value for a coupling
coming purely from dipolar effects (see SI).
ten h¯g = g˜B1m, with g˜ the Zeeman shift of the exci-
ton (g˜ = 0.12 meV/T for MoSe2 monolayers [21]). The
dipolar magnetic field produced by a single magnon,
small but non-zero for a finite-size sample, can be
evaluated as BD = 0.1 pT and the resultant dipolar-
originated magnon–exciton coupling strength as h¯gD =
1.2× 10−17 eV (see SI). This value constitutes an upper
limit for the dipolar contribution to the effective mag-
netic field B1m, marked by the grey region in Fig. 4.
Finding magnon–exciton coupling rates g > gD adds an-
other evidence that the exchange interaction at these van
der Waals heterointerfaces is, for thin flakes, the domi-
nant cause of the dynamical valley Zeeman effect.
In conclusion, we have demonstrated qualitatively
and quantitatively the magnon–exciton coupling at a het-
erointerface formed by an atomically-thin semiconductor
and a magnetic film by dynamic proximity effects. This
hybrid system allows a coherent control of the excitonic
resonances at microwave frequencies at room tempera-
ture. Reducing the size of the magnetic substrate will
confine the magnetic energy and enhance the magnetiza-
tion oscillation amplitude per single magnon, leading to
a stronger magnon–exciton coupling. Our work initiates
the investigation of dynamic magnetic proximity effects
at van der Waals heterointerfaces [33–35] towards the dy-
namical local control of the excitons properties, through
exotic spin textures for example [36], valley-dependent
spin transport [37] and novel microwave-to-optics trans-
ducers [38], establishing multiple promising routes for
interconnecting efficiently optics and spin physics.
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Methods
Sample fabrication and characterization – The mag-
netic substrate is a commercially-available 10µm-thick
5×5 mm2 YIG film grown on GGG. We performed a Pi-
ranha etching for 5 min followed by an O2 plasma etch-
ing for 2 min on the magnetic film. Single crystals of
MoSe2 were grown via a chemical vapor transport tech-
nique. MoSe2 flakes with typical dimensions of a few
micrometers were exfoliated directly onto PDMS (poly-
dimethylsiloxane). In a glovebox filled with N2, we then
transferred MoSe2 flakes onto the YIG film, using an all-
dry transfer method, and annealed the heterostructure
at 250◦C for 3 hours. The flakes thickness and number
of layers were determined via optical contrasts, photo-
luminescence spectroscopy, and atomic force microscopy
images. The thickness measured by AFM is calibrated by
the thickness of the monolayer flakes. The error bars in
Fig. 3d correspond to uncertainties in the determination
of the thickness of the flake at the laser position con-
sidering the finite size of the laser spot, mapped on the
AFM topography, extending horizontally from the lower
to the higher thickness within this interval. The fit is
performed considering the points with a thickness uncer-
tainty below three layers, marked as non-translucent.
Optical setup – Before being focused by a micro-
scope objective, the linearly-polarized laser beam passes
through a quarter-wave plate to be tuned into left-
(σ+) or right-handed (σ−) circularly polarized light and
mainly address the excitons in K and K′ valleys, respec-
tively. The light reflected off the sample goes through
the quarter-wave plate on the way back and is filtered out
by a polarizing beamsplitter, such that only the reflected
5photons sharing the same helicity with the incident pho-
tons are directed towards a fiber-coupled high-speed pho-
todiode (bandwidth: 12 GHz). The electric signal of the
photodiode is analyzed on a network analyzer (Figs. 1-3)
and a spectrum analyzer (Fig. 4, see SI).
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I. PRE-CHARACTERIZATION OF THE HETEROSTRUCTURE
A. Ferromagnetic resonance frequency
The angular frequency of the ferromagnetic resonance (FMR) for the uniformly precessing mode in the magnetic
film can be tuned by the tangential static field HDC [1]:
ωm = µ0γ
√
HDC (HDC +Ms), (S1)
where γ is the gyromagnetic ratio and Ms is the saturation magnetization of the film (typically for YIG [1]:
γ/2pi = 28 GHz/T and Ms = 140 kA/m). The static magnetic field depends linearly on the current I flowing in
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2FIG. S1. Evolution of the measured FMR frequency with the applied current flowing in the electromagnet. The black line
follows Eq. (S1) with Ms = 140 kA/m, γ/2pi = 28 GHz/T and α = 0.12 T/A.
FIG. S2. Photoluminescence (PL) measurements performed with a laser at 633 nm on different MoSe2 flakes on YIG/GGG,
identified as monolayers in red and orange and as bilayer in yellow. The solid and dashed vertical lines indicate respectively
788 nm, the center wavelength of the PL spectra at 300 K for MoSe2 monolayers, and λL = 785 nm the wavelength of the laser
used for the reflection measurements in the main text.
the electromagnet, such that µ0HDC = αI, with α = 0.12 T/A. Figure S1 presents the experimental dependence of
the FMR frequency with the current I, following Eq. (S1).
B. Photoluminescence measurements
As shown in Fig. S2, we perform photoluminescence measurements on the MoSe2 flakes after their transfer on the
YIG substrate, under no external magnetic field (HDC = 0). The exciton resonance wavelength of monolayers is
788 nm at 300 K as for typical MoSe2 monolayers on Si/SiO2 [2].
3C. Simple model for the optical reflectivity of multilayer flakes
For an incoming electric field Ei, the field reflected off the sample can be written Er = r Ei with r = r + δr(t),
where r is the flake static reflection coefficient and δr is a dynamical perturbation (r  δr). Assuming that the
reflectivity spectrum is not dramatically affected by the number of layers NL when NL > 5 [3], and that multiple
reflections between layers can be neglected, we can express the reflection coefficient as
r(NL) = r1L
NL−1∑
k=0
(1− r1L)2k, (S2)
where r1L is the effective one-layer reflection coefficient. We deduce r1L ∼ 6% from the comparison of the observed
optical powers reflected from a known number of layers with the modeled values. From this model, we can estimate
the relative portion of light coming from the very bottom layer
rb(NL) =
r1L(1− r1L)2(NL−1)
r(NL)
. (S3)
For Fig. 3 in the main text, we drive the magnons and measure an optical modulation signal with an amplitude
proportional to |Er|2[ωm] such that ∆R[ωm] ∝ r δr[ωm]. We fit the data representing ∆R[ωm]/r with a function
proportional to δrth(NL) = rb(NL) + rLR (where rLR is a small constant modeling the long-range interaction) sug-
gesting that most of the light modulation originates from the closest layers to the magnetic substrate, advocating for
a dominant short-range interaction.
D. Optical response of a trilayer MoSe2 flake on YIG
We perform similar measurements as presented in Fig. 2 on a trilayer flake. If the low reflectivity of these MoSe2
flakes offers in general only a tenuous signal-to-noise ratio, it can be enhanced by encompassing a small part of an
adjacent thick flake within the laser spot. As shown in Fig. S3, the main features presented in the main text are
preserved with a trilayer flake.
FIG. S3. Optically-probed FMR spectra R+ and R− from a trilayer MoSe2 flake on YIG (in red and blue, respectively). The
translucent lines correspond to Lorentzian fits.
4II. MAGNON-EXCITON COUPLING FORMALISM
The equation of motion for the magnons in the magnetostatic mode can be written as a standard Heisenberg-
Langevin equation:
˙ˆa(t) = −iωmaˆ(t)− γm
2
aˆ(t)−√κeaˆin, (S4)
where aˆ is the annihilation operator for magnons in the magnetostatic mode, aˆin is the annihilation operator for the
microwave photonic field in the transmission line connected to the loop coil antenna. The effective magnon decay
rate is γm = κ0 + κe, where κ0 the intrinsic magnon dissipation rate and κe the external coupling rate between the
magnetostatic mode and the antenna. The Hamiltonian for the magnetostatic mode reads
Hm = h¯ωmaˆ
†aˆ.
The K excitons of a MoSe2 flake can be modeled as excitations in bosonic modes [4], for which the Hamiltonian reads
Hex = h¯Ωexxˆ
†
KxˆK,
where xˆK and xˆ
†
K are the annihilation and creation operators for K excitons and Ωex/2pi their resonance frequency.
Similarly, the K′ exciton can be modeled with the Hamiltonian,
Hex′ = h¯Ωexxˆ
†
K′ xˆK′ .
A. Interaction Hamiltonian
The excitons in a MoSe2 monolayer and the magnons excited in the YIG film interact at the heterointerface through
a valley Zeeman effect. The magnetic field felt by the excitons is provided by the out-of-plane transverse magnetization
due to magnons, translating into a short-range interfacial exchange field or into a long-range dipolar field. In any
case, the interaction Hamiltonian is given by
Hi = h¯g
(
aˆ+ aˆ†
2
)
xˆ†KxˆK, (S5)
for the K exciton, and
Hi′ = −h¯g
(
aˆ+ aˆ†
2
)
xˆ†K′ xˆK′ , (S6)
for the K′ exciton, where the opposite sign reflects that the K′ exciton is the time-reversal partner of the K exciton.
In a bare multilayer flake, the inversion symmetry may not be broken, such that the valley degree of freedom is not
well-defined. However, the interfacial exchange field might be responsible for breaking the inversion symmetry and
preserving the associated optical selection rules.
B. Optical driving
Suppose that the K excitons are selectively driven by circular-polarized light. The driving adds an extra term in
the total Hamiltonian [4], which is
Hl = −ih¯
√
κ
∫
dΩ
2pi
(
lˆ†in(Ω)xˆK − lˆin(Ω)xˆ†K
)
= −ih¯√κ
(
line
iΩLtxˆK − line−iΩLtxˆ†K
)
,
where κ represents the exciton–light coupling rate, lin =
√
Popt/h¯ΩL is the photon flux with Popt the power and ΩL
the angular frequency of the drive light. Here, the quantum operators lˆin(Ω) and lˆ
†
in(Ω) are replaced by their classical
value with definite amplitude and phase, e.g., line
iΩtδ(Ω − ΩL) and line−iΩtδ(Ω − ΩL). To complete the picture,
we shall consider that the K exciton is virtually illuminated by quantum light from the opposite side to the driving
light. The transmission of this quantum light can be viewed as the reflection of the drive light. The corresponding
Hamiltonian can be given by
Hr = −ih¯
√
κ
∫
dΩ
2pi
(
rˆ†in(Ω)xˆK − rˆin(Ω)xˆ†K
)
.
5C. Total Hamiltonian
Putting all together the total Hamiltonian reads
H = Hm +Hex +Hi +Hl +Hr.
Let us introduce a displacement operator for the K exciton
D(α) = eαxˆ
†
K−α∗xˆK ,
with the displacement amplitude α to eliminate the drive term as
α˙ = −iΩexα+
√
κ line
−iΩLt. (S7)
The total Hamiltonian H can be unitary-transformed with D(α) to obtain
H˜ = D†(α)HD(α) + ih¯D˙†(α)D(α)
= h¯ωmaˆ
†aˆ+ h¯Ωexxˆ
†
KxˆK + h¯g
(
aˆ+ aˆ†
2
)
xˆ†KxˆK + h¯g
(
aˆ+ aˆ†
2
)(
αxˆ†K + α
∗xˆK
)
−ih¯√κ
∫
dΩ
2pi
(
rˆ†in(Ω)xˆK − rˆin(Ω)xˆ†K
)
− ih¯√κ
∫
dΩ
2pi
(
αrˆ†in(Ω)− α∗rˆin(Ω)
)
.
where all the c-numbered terms are omitted as being mere energy offsets.
We can assume that the displacement amplitude α shows a damped oscillation with an angular frequency ΩL and
a damping rate κ/2. By rewriting Eq. (S7) with α(t) = α˜e−iΩLt−
κ
2 t, it becomes
α =
√
nexe
−iΩLt (S8)
with
√
nex =
√
κ
i (Ωex − ΩL)− κ2
√
Popt
h¯ΩL
, (S9)
where nex can be viewed as the effective exciton number driven optically.
Finally, by assuming to be optically close to resonance and performing another unitary transformation
U = ei
t
h¯ (h¯ΩLxˆ
†
KxˆK),
which transforms the exciton operators xˆK and xˆ
†
K to xˆKe
−iΩLt and xˆ†Ke
iΩLt, respectively, we have
H = h¯ωmaˆ†aˆ+ h¯ (Ωex − ΩL) xˆ†KxˆK + h¯g
(
aˆ+ aˆ†
2
)
xˆ†KxˆK︸ ︷︷ ︸
energy shift
+ h¯g
√
nex
(
aˆ+ aˆ†
2
)(
xˆ†K + xˆK
)
︸ ︷︷ ︸
displacement
−ih¯√κ
∫
dΩ
2pi
(
rˆ†in(Ω) (xˆK +
√
nex) e
−iΩLt − rˆin(Ω)
(
xˆ†K +
√
nex
)
eiΩLt
)
. (S10)
We can see that the magnon–exciton coupling characterized by the rate g manifests itself within two terms. From the
view point of the exciton, these are the energy shift term (quadratic term) and the displacement term (linear term).
D. Magnon-induced Zeeman shift of the excitonic resonance
We neglect the magnon-induced displacement term since it is typically far smaller than the optically-induced
displacement term. Referring to Eq. (S4), driving the magnons resonantly by an external microwave field at a
frequency ωd/2pi through a loop coil antenna leads to the displacement of aˆ to aˆ+
√
nmagnone
−iωdt, where
√
nmagnon =
√
κe
i(ωm − ωd)− γm/2
√
PMW
h¯ωd
, (S11)
6with PMW the microwave drive power such that
√
PMW/h¯ωd = 〈aˆin〉.
Neglecting the quantum fluctuations and retaining only the classically-driven part close to resonance (ωd ∼ ωm),
the magnon-induced energy shift term in Eq. (S10), h¯g
(
aˆ+aˆ†
2
)
xˆ†KxˆK, thus becomes h¯g
(√
nmagnon cosωdt
)
xˆ†KxˆK,
modulating the exciton resonance angular frequency Ωex as
Ωex(t) = Ωex + ∆Ωs cosωdt (S12)
with ∆Ωs = g
√
nmagnon the magnon-induced Zeeman shift.
III. EXPERIMENTAL DETERMINATION OF THE MAGNON–EXCITON COUPLING STRENGTH
The phenomenological magnon–exciton coupling rate g captures the essence of the interaction. Evaluating g provides
a useful insight into the microscopic origin of the magnon–exciton coupling. Here, we detail the calibration procedure
leading to the determination of the magnon-induced Zeeman shifts ∆Ωs and the magnon–exciton coupling rate g
presented in the main text.
A. Setup
The calibration consists in comparing the optical reflection modulation induced by the magnons, with the optical
reflection modulation induced by a known modulation of the laser frequency. The calibration setup is presented in
Fig. S4. We divide the original laser path into two: one illuminating the sample from which we get the reflection signal
from, and the other, going through an acousto-optic modulator shifting its frequency by ωA/2pi = 80 MHz, which
constitutes a local oscillator. The optical signal reflected from the sample is retrieved with a circulator consisting of
a polarizing beamsplitter and a quarter-wave plate, to be recombined with the local oscillator before reaching the
high-speed photodiode.
FIG. S4. Heterodyne scheme to calibrate the magnon-induced exciton shift ∆Ωs and the coupling rate g. A
local oscillator is shifted in frequency by an acousto-optic modulator (AOM) and recombined with the signal reflected from
the sample. The resultant beat signal is measured with a high-speed photodiode and analyzed on a spectrum analyzer (EM:
electromagnet, PBS: polarizing beamsplitter, BS: beamsplitter, λ/4: quarter-wave plate). We perform the measurement in two
successive steps. First, we acquire the beat signals due to the modulation of the optical reflection induced by the magnons,
signing the shift of the exciton resonance frequency by ±∆Ωs/2pi (i). Then, with no driven magnons and constituting the
calibration tone, we measure the beat signals due to the modulation of the optical reflection induced by the modulation of the
apparent laser frequency by ∆ΩL/2pi produced by an electro-optic modulator (EOM) (ii). The value ∆ΩL is calibrated at the
beginning of any set of measurements (see III C). This calibration tone scales the magnon-induced exciton Zeeman shift ∆Ωs.
Determining the number of driven magnons nmagnon (see III B) leads to the extraction of the magnon–exciton coupling rate g
as in Fig. 4.
7The magnon-induced signals are obtained by driving the magnons in the YIG film at the FMR frequency
with a given microwave drive power PMW. The driven magnons modulate the excitonic resonance frequency by
∆Ωs = g
√
nmagnon (Fig. S4i). The number of excited magnons nmagnon is independently calibrated (see III B). The
beat signal, resulting from the mixing with the local oscillator, translates into two sidebands appearing at ωm ± ωA,
acquired on a spectrum analyzer.
Switching off the magnon excitation, we create calibration tones using an electro-optic modulator (EOM). Driven
at the FMR frequency, the EOM induces a phase modulation of the laser impinging the sample. The induced laser
maximum frequency deviation ∆ΩL/2pi, which can be independently calibrated (see III C), is responsible for an
amplitude modulation of the signal reflected from the sample (Fig. S4ii), which is later recombined with the local
oscillator. Assuming that the nature of the addressed excitons is the same as in the magnon-induced case, the resulting
calibration tones at ωm ± ωA constitute scales marking ∆ΩL.
Comparing the magnon-induced signal to the calibration tones gives access to the magnon-induced Zeeman shift
∆Ωs. As seen in the main text, these measurements performed while ramping the number of driven magnons allow
the evaluation of the magnon–exciton coupling rate g. Heterodyning the signals avoids possible pollution at ωm due
to the microwave excitation. Note that the two sidebands at ωm ± ωA leading to similar calibrated values, we only
plot the Zeeman exciton shift at ωm + ωA in Fig. 4.
B. Evaluation of the number of magnons
The number of magnons excited in the magnetic film is determined with Eq. (S11) for a resonant excitation
(ωd = ωm):
nmagnon =
4κe
γ2m
PMW
h¯ωm
The different parameters are evaluated by adjusting the FMR absorption signal |S11| with the model derived from
the input–output theory [5] in Eq. S4:
S11[ω] =
i(ω − ωm)− 12 (κe − κ0)
i(ω − ωm)− 12 (κe + κ0)
(S13)
with typically κ0/2pi ∼ 1.5 MHz and κe/2pi ∼ 150 kHz. An example of successive FMR measurements while ramping
the driving power and the deduced number of magnons are shown in Fig. S5.
C. EOM calibration
The determination of the magnon–exciton coupling strength is based on the knowledge of a reference, the max-
imum laser frequency deviation ∆ΩL/2pi induced by the passage of the beam through the EOM. The calibration of
the value of ∆ΩL/2pi is thus performed at the beginning of every measurement to take into account possible changes
in the illumination or temperature, following the procedure described below. Passing through the EOM, the laser
beam is phase-modulated such that its electric field EE reads:
EE ∝ eiΩLt eiβ sinωEt = eiΩLt
∞∑
m=−∞
Jm(β) e
imωEt
and its instantaneous angular frequency is given by
∂
∂t
(ΩLt+ β sinωEt) = ΩL + βωE cosωEt = ΩL + ∆ΩL cosωEt
with ωE/2pi the EOM drive frequency, Jm the Bessel functions of the first kind and β the modulation depth, whose
determination leads to ∆ΩL. At low EOM driving power PE , β = α
√
PE .
The beating of the phase-modulated laser with the local oscillator, whose frequency is shifted by ωA/2pi, is detected
with the high-speed photodiode and observed on the spectrum analyzer. The resulting power spectrum CE presents
distinct signatures, in particular:
CE [ωA] ∝ J20 (β) = J20 (α
√
PE)
CE [ωE ± ωA] ∝ J21 (β) = J21 (α
√
PE)
8FIG. S5. Determination of the number of excited magnons. a, FMR absorption signals for driving microwave power
PMW from 0.5 dBm (blue) to 13 dBm (red) fitted with Eq. (S13). The slight deviations in the FMR frequency are most likely
due to temperature variations. b, Number of magnons nmagnon in the uniform magnetostatic mode deduced from Eq. (S11)
with the analysis of the FMR absorption signals for a resonant excitation.
FIG. S6. Calibration of the electro-optic modulator. a, Evolution of the signals CE at ωA and ωE ± ωA with the
driving EOM power PE . The solid lines corresponding to fits proportional to |J0(α
√
PE)| and |J1(α
√
PE)| for ωA and ωE±ωA,
respectively, leading to α. b, Laser maximum frequency deviation ∆ΩL/2pi induced by a given EOM microwave drive PE at
ωE/2pi = 5.65 GHz from the ramp fits.
9The EOM drive frequency ωE/2pi is chosen equal to the FMR frequency ωm/2pi, determined after FMR absorption
measurements. The calibration of ∆ΩL(PE) = ωE α
√
PE consists in ramping the microwave power PE driving
the EOM and measuring the induced beating signals CE [ωA] and CE [ωE ± ωA] to determine unambiguously α, as
illustrated in Figure S6. Working at PE = −20 dBm at ωE/2pi = 5.65 GHz leads to a maximum frequency deviation
∆ΩL/2pi = 113.8 MHz.
IV. ESTIMATION OF THE DIPOLAR MAGNETIC FIELD INDUCED BY THE MAGNONS
The theoretical evaluation of the magnon–exciton coupling rate g is not trivial when it originates from an interfacial
exchange effect since it involves calculations beyond the well-established density functional theory. Here, we provide
a theoretically estimate of g assuming that the coupling is purely from the dipolar field created by the magnons.
A. Magnetization produced by the magnons in the uniform precession mode
We suppose that the YIG film plane is normal to the z-axis and the static magnetic field HDC is along the y-axis.
As the lateral dimension of the square film w = 5 mm is much larger than its thickness d = 10µm, we can assume at
first that the film has an infinite extension within its plane. Then, the transverse magnetization components (mx,mz)
follow the Landau-Lifshitz equations [1]:
m˙x = γµ0 (HDC +Ms)mz, (S14)
m˙z = −γµ0HDCmx. (S15)
By working with the scaled transverse magnetization components
m˜x =
mx√
HDC+Ms
2HDC+Ms
, (S16)
m˜z =
mz√
HDC
2HDC+Ms
, (S17)
we have
˙˜mx = ωmm˜z, (S18)
˙˜mz = −ωmm˜x, (S19)
with ωm/2pi the FMR frequency expressed in Eq. (S1). The normal modes can then be described by
m˜− = m˜z − im˜x (S20)
m˜+ = m˜z + im˜x. (S21)
Here, m˜− and m˜+ represent the rescaled circular movements of the transverse magnetization oscillations. Those are
represented in terms of the creation and annihilation operators [6] as
m˜−(t) =
√
2
Ms√
N
aˆ(t), (S22)
m˜+(t) =
√
2
Ms√
N
aˆ†(t), (S23)
where N is the total number of spins in the film. As mentioned in II, the excitons experience the out-of-plane
component of the transverse magnetization mz through the Zeeman effect. Combining the previous expressions, we
have
mz =
√
HDC
2HDC +Ms
√
2
Ms√
N
(
aˆ+ aˆ†
2
)
, (S24)
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B. Dipolar field from a static out-of-plane magnetization
Before delving into the calculation of the dipolar field produced by the magnons, let us consider a simpler case.
Suppose that the film is saturated along the z-axis, normal to its plane. We calculate the dipolar field Bz at the film
surface created by the magnetic moment Mz = MsV , with V = w2 × d the film volume. If the lateral dimensions
of the magnetic film were infinitely large, the dipolar magnetic field Bz would cancel out. However for a finite-size
sample, Bz is small but non-zero. It can be considered as emerging from the edge current [7]
I =
Mz
w2
, (S25)
which is flowing in a rectangular ribbon of width d enclosing the area w2. From the Biot-Savart law, the out-of-plane
dipolar magnetic field at the center of the film is
Bz = µ0
2
√
2
pi
d
w
Ms. (S26)
C. Dipolar field from an oscillating out-of-plane magnetization
We suppose now that the magnetization is saturated along the y-axis. Nominally the static out-of-plane field is
absent, but when magnons are driven, there is an oscillating transverse magnetic field with a non-zero out-of-plane
component Bz. The transverse field is produced by the magnetic moment
Mz = mzV =
(√
HDC
2HDC +Ms
√
2
Ms√
N
√
nmagnon cosωdt
)
V. (S27)
We can repeat the argument which leads to the magnetic field Bz in Eq. (S26) but with this magnetic moment, we
have the oscillating dipolar magnetic field produced by driven magnons:
Bnmagnon = µ0
2
√
2
pi
d
w
(√
HDC
2HDC +Ms
√
2
Ms√
N
√
nmagnon cosωdt
)
. (S28)
The amplitude of the oscillating dipolar magnetic field produced by a single magnon (nmagnon = 1) is then given by:
BD = µ0
4
pi
√
d
w2
√
HDC
2HDC +Ms
Ms√
n
, (S29)
with n = N/V the spin density of the magnetic substrate (in YIG [1], n = 2.1 × 1022 cm−3). In our experimental
conditions, it results in BD = 0.1 pT. From there, we can deduce the magnon–exciton coupling strength, h¯gD ∼
1.2× 10−17 eV, originating purely from this dipolar field.
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